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Recent evidence suggests that multiple calcium-
releasing messengers might be activated simultane-
ously to regulate patterns of intracellular calcium
signalling. In this way, agonists might use different
messenger cocktails to encode specific signals and
target selected processes.
An outstanding puzzle in cell signalling is how dif-
ferent extracellular stimuli are able to trigger different
intracellular responses, given the limited numbers of
known second messengers. Among these second
messengers, Ca2+ plays a prominent role; an increase in
cytosolic Ca2+ affects diverse processes, even within
a single cell [1]. Selective targeting of the Ca2+ signal is
thought to be determined by the spatial, temporal and
amplitude characteristics of the Ca2+ response, thereby
allowing a Ca2+ signal with a specific pattern to acti-
vate specific targets. For example, in the post-synap-
tic dendritic spine, the Ca2+ signal-sensor calcium-
Scalmodulin kinase II is tuned to respond maximally to
patterns of high-frequency Ca2+ spikes [2], whereas
the protein phosphatase calcineurin responds maxi-
mally to persistent low elevations of Ca2+ [3]. As the
pattern of a Ca2 signal is so important, a central ques-
tion is how different patterns are generated.
The pancreatic acinar cell is a polarized cell with
well defined apical and basolateral domains. Ca2+
increases in the apical region stimulate the fusion 
of secretory granules with the plasma membrane —
exocytosis — leading to the release of diges-
tive enzymes into the pancreatic duct [4]. In many
cells, exocytosis is regulated by Ca2+ influx across
the plasma membrane. As the ionic environment of
the duct is variable, however, the acinar cell mainly
relies on release of Ca2+ from intracellular stores to
induce exocytosis.
Two physiological ‘secretagogues’ — stimulators of
secretion — for pancreatic acinar cells are cholecys-
tokinin and acetylcholine [5]. Both of these transmit-
ters can induce an increase in intracellular inositol
1,4,5-trisphosphate (IP3) levels, leading to opening of
IP3 receptor channels and Ca2+ release from stores.
Nonetheless, acetylcholine and cholecystokinin elicit
very different Ca2+ patterns (Figure 1). For example,
threshold concentrations of acetylcholine induce
localized rapid Ca2+ spikes, whereas cholecystokinin
induces both rapid spikes and slow global Ca2+
increases which invade the basolateral region. Global
increases in Ca2+ are only induced by higher concen-
trations of acetylcholine.
Even more perplexing is the observation that the
microinjection of different concentrations of IP3 into an
acinar cell is unable to duplicate the complexity of these
agonist-evoked responses [5]. One possible explanation
is that injection of IP3 does not mimic the agonist-
induced spatial or temporal delivery of IP3 [6,7]. Another
emerging possibility is that additional Ca2+-releasing
messengers enable cells to encode more complex pat-
terns. Two candidate Ca2+-releasing messengers are
cyclic ADP-ribose (cADPR) and nicotinic acid adenine
dinucleotide phosphate (NAADP), endogenous pyridine
nucleotides that have been shown to induce Ca2+
release in a range of cell types (reviewed in [ 8–10]).
Converging lines of evidence indicate that the
cADPR-evoked opening of ryanodine receptors (RyRs)
in the acinar cell mediates the globalization of Ca2+
signals induced by high acetylcholine concentrations.
Cancela et al. [11] have recently shown that threshold
concentrations of acetylcholine, which normally
induce local Ca2+ spikes, are transformed into global
Ca2+ signals by the injection of cADPR. This is sup-
ported by the observation that a cADPR antagonist
selectively blocks the basolateral Ca2+ signal induced
by higher concentrations of acetylcholine [12], but
does not affect the acetylcholine-induced secretory
pole Ca2+ signal [13]. It is therefore likely that acetyl-
choline can employ multiple Ca2+ release mechanisms
to shape the Ca2+ signal. Indeed, acetylcholine does
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Figure 1. Multiple modes of Ca2+ signals in a mouse
pancreatic acinar cell.
The images show pseudocolour representations of peak calcium
signals in an acinar cell: blue, low Ca2+; red, high Ca2+. In each
cell the apical domain faces bottom left. The different patterns of
Ca2+ signal shown range from discrete events (A), to local (B),
regional (C) and global signals (D). (Figure adapted from [16].)
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increase cADPR levels [14], supporting the idea that
cADPR acts as a switch to control the IP3-mediated
transition from local to global responses.
As mentioned above, cholecystokinin appears to
induce different Ca2+ patterns to those evoked by
acetylcholine, so it is unlikely that the same messen-
gers alone mediate these responses. It has been
shown that nanomolar concentrations of NAADP are
able to induce patterns of Ca2+ release similar to
cholecystokinin, including global Ca2+ responses [15].
Furthermore, pharmacological experiments indicate
that NAADP is specifically involved in generating the
Ca2+ signals induced by cholecystokinin, but not
those induced by acetylcholine [13]. If agonists use
multiple messengers, it should be possible to mimic
agonist-specific patterns of Ca2+ signals by injecting
different combinations of messengers. This is pre-
cisely the approach that Cancela et al. [11] took: they
found that the Ca2+ signals evoked by messenger
cocktails were more similar to the agonist-induced
responses than those evoked by IP3 alone.
How does cADPR or NAADP elicit a global response?
In a pancreatic acinar cell, IP3 sensitivity is localized to
small regions. The apical domain of an acinar cell has
multiple small regions of high IP3 sensitivity, while the
basal domain has fewer regions of lower IP3 sensitivity
[16]. So the distribution and IP3 sensitivity of IP3 recep-
tors restrict the spreading of the Ca2+ signal from
apical to basolateral regions of the cell [17]. Further-
more, mitochondria, located around the cell’s secre-
tory pole, may also act as immobile Ca2+ buffers which
hinder the propagation of a global Ca2+ signal [18]. One
way of overcoming these barriers would be to increase
drastically the IP3 concentration. IP3 receptors are,
however, additionally regulated by cytosolic Ca2+ [19],
and this provides a route for channel opening at lower
IP3 concentrations. At physiological agonist concen-
trations, therefore, cADPR could recruit IP3 receptors
by locally liberating Ca2+ from ryanodine receptors. As
ryanodine receptors are also Ca2+-sensitive, IP3 and
ryanodine receptors will act synergistically to globalise
the signal.
Adding an extra level of complexity, the activation of
NAADP receptors, which are not Ca2+-sensitive [8–10],
might recruit both IP3 and ryanodine receptors and
cooperate with them to elicit a more sustained and
robust response. The spatial organization of ryanodine
and NAADP receptors would clearly be crucial to these
actions, and available data indicate that both are found
in the basal pole region of an acinar cell [12,20]. If we
take into account the fact that different concentrations
of extracellular agonists will induce different messen-
ger levels within a cell, and most importantly the dif-
ferent ratios of these messengers, it becomes
apparent that multiple messengers have the potential
for generating enormous signalling complexity.
What, then, could be the functional significance of
global Ca2+ signals elicited in the presence of NAADP/
cADPR in pancreatic acinar cells? Two possibilities
spring to mind. First, global Ca2+ signals might be
more effective than local signals at inducing exocyto-
sis. This enhancement might be specified by either
temporal or spatial features of the global rise in Ca2+.
For example, short duration (2 second) local spikes
might target one set of proteins, whereas longer (1
minute) global Ca2+ rises would recruit additional effec-
tors. Alternatively, the basolateral Ca2+ signal might
specify different responses, such as the activation of
gene transcription or translation, for example to replen-
ish the loss of proteins resulting from activation of the
exocytotic pathway.
References
1. Berridge, M.J., Lipp, P. and Bootman, M.D. (2000). The versatility and
universality of calcium signalling. Nat. Rev. Mol. Cell Biol. 1, 11–21.
2. Lisman, J., Schulman, H. and Cline, H. (2002). The molecular basis
of CaMKII function in synaptic and behavioural memory. Nat. Rev.
Neuro. 3, 175–190.
3. Dolmetsch, R.E., Lewis, R.S., Goodnow, C.C. and Healy, J.I. (1997).
Differential activation of transcription factors induced by Ca2+
response amplitude and duration. Nature 386, 855–858.
4. Kasai, H. (1999). Comparative biology of Ca2+-dependent exocyto-
sis: implications of kinetic diversity for secretory function. Trends
Neurosci. 22, 88–93.
5. Thorn, P., Lawrie, A.M., Smith, P.M., Gallacher, D.V. and Petersen,
O.H. (1993). Local and global cytosolic Ca2+ oscillations in exocrine
cells evoked by agonists and inositol trisphosphate. Cell 74, 661–668.
6. Xu, X., Zeng, W., Popov, S., Berman, D.M., Davignon, I., Yu, K.,
Yowe, D., Offermanns, S., Muallem, S. and Wilkie, T.M. (1999). RGS
proteins determine signaling specificity of Gq-coupled receptors J.
Biol. Chem. 274, 3549–3556.
7. Shin, D.M., Luo, X., Wilkie, T.M., Miller, L.J., Peck, A.B., Humphreys-
Beher, M.G. and Muallem, S. (2001). Polarized expression of G
protein-coupled receptors and an all-or-none discharge of Ca2+
pools at initiation sites of [Ca2+]i waves in polarized exocrine cells
J. Biol. Chem. 276, 44146–44156.
8. Genazzani, A.A. and Billington, R.A. (2002). NAADP: an atypical
Ca2+-release messenger? Trends Pharmacol. Sci. 23, 165–167.
9. Lee, H.C. (2001). Physiological functions of cyclic ADP-ribose and
NAADP as calcium messengers. Ann. Rev. Pharm. Toxicol. 41,
317–345.
10. Patel, S., Churchill, G.C. and Galione, A. (2001). Coordination of
Ca2+ signalling by NAADP. Trends Biochem. Sci. 26, 482–489.
11. Cancela, J.M., Van Coppenolle, F., Galione, A., Tepikin, A.V. and
Petersen, O.H. (2002). Transformation of local Ca2+ spikes to global
Ca2+ transients: the combinatorial roles of multiple Ca2+ releasing
messengers. EMBO J. 21, 909–919.
12. Leite, M.F., Burgstahler, A.D. and Nathanson, M.H. (2002). Ca2+
waves require sequential activation of inositol trisphosphate recep-
tors and ryanodine receptors in pancreatic acini. Gastroenterology
122, 415–427.
13. Cancela, J.M., Gerasimenko, O.V., Gerasimenko, J.V., Tepikin, A.V.
and Petersen, O.H. (2000). Two different but converging messenger
pathways to intracellular Ca2+ release: the roles of nicotinic acid
adenine dinucleotide phosphate, cyclic ADP-ribose and inositol
trisphosphate. EMBO J. 19, 2549–2557.
14. Fukushi, Y., Kato, I., Takasawa, S., Sasaki, T., Ong, B.H., Sato, M.,
Ohsaga, A., Sato, K., Shirato, K., Okamoto, H., et al. (2001). Identifi-
cation of cyclic ADP-ribose-dependent mechanisms in pancreatic
muscarinic Ca2+ signaling using CD38 knockout mice. J. Biol.
Chem. 276, 649–655.
15. Cancela, J.M., Churchill, G.C. and Galione, A. (1999). Coordination
of agonist-induced Ca2+-signalling patterns by NAADP in pancre-
atic acinar cells. Nature 398, 74–76.
16. Fogarty, K.E., Kidd, J., Tuft, R.A. and Thorn, P. (2000). A bimodal
pattern of InsP3-evoked elementary Ca2+ signals in pancreatic
acinar cells. Biophys. J. 78, 2298–2306.
17. Fogarty, KE, Kidd, J, Tuft, RA and Thorn, P. (2000). Mechanisms
underlying InsP3-evoked global Ca2+ signals in pancreatic acinar
cells. J. Physiol. 526.3, 515–526.
18. Tinel, H., Cancela, J.M., Mogami, H., Gerasimenko, J.V., Gerasi-
menko, O.V., Tepikin, A.V. and Petersen, O.H. (1999). Active mito-
chondria surrounding the pancreatic acinar granule region prevent
spreading of inositol trisphosphate-evoked local cytosolic Ca2+
signals. EMBO J. 18, 4999–5008.
19. Taylor, C.W. (1998). Inositol trisphosphate receptors: Ca2+-modu-
lated intracellular Ca2+ channels. Biochim. Biophys. Acta 1436,
19–33.
20. Krause, E., Gobel, A. and Schulz, I. (2002). Cell side-specific sensi-
tivities of intracellular Ca2+ stores for inositol 1,4,5-trisphosphate,
cyclic ADP-ribose and nicotinic acid adenine dinucleotide phos-
phate in permeabilized pancreatic acinar cells from mouse. J. Biol.
Chem. 277, 11696–11702.
Current Biology
R433
